Detailed study of a 65 cm harzburgite section perpendicular to an amphibole pyroxenite vein from the Lherz massif reveals a strong mineralogical and chemical zonation with distance from the vein-host boundary. At less than ~ 20 cm, the host peridotite is modally metasomatized and displays patterns of increasing Fe, Ti, Mn, Al, Ca, Na, and HREE, and decreasing Mg and Ni toward the vein contact This zone is also relatively impoverished in Cr but is enriched in K and Sr. It is characterized by relatively unfractionated, mainly convex-upward, chondrite-normalized REE patterns. At a distance over ~ 20 cm, the host peridotite displays the typical feature of cryptic metasomatism, i.e., selective LREE enrichment in otherwise anhydrous mineralogy. The chondrite-normalized REE patterns vary from U-shaped in the range 15-25 cm to strongly fractionated in the range 25-65 cm. These variations encompass the whole range reported from metasomatized peridotite nodules in alkali basalts. They may be accounted for by a single, silicate-melt, metasomatic event associated with infiltration of the Pyrenean alkali basalts into the most refractory peridotites, during their ascent through the subcontinental lithosphere, ~ 100 Ma ago. The proposed model involves a chemical evolution of the infiltrated melt with increasing distance in the host. At < 15-20 cm, the melt composition would be strongly influenced by the proximity of the vein conduit, because of the existence of advective chemical fluxes through grain boundaries (short-range porous flow; distance of percolation < 1 m) and into small branching cracks, and a possibly dominant diffusive flux within the infiltrated melt. This may explain the reactivity of the melt towards the anhydrous peridotite mineralogy, the existence of chemical gradients for most elements, and the lack of REE chromatographic fractionation. At a distance of > 20-25 cm, chemical exchange with the conduit would be negligible and the melt composition would be mainly controlled by re-equilibration of the peridotite matrix during long-range (> 1 m) porous flow percolation. Thus the melt would be buffered by the amphibole peridotite mineralogy, except for LREE. This may explain the lack of mineralogical reaction and chemical enrichments (except for REE) in this zone, and the chromatographic fractionation of REE. We propose a quantitative model of diffusion and percolation-controlled metasomatism associated with infiltration of alkali basalts into peridotites hosting vein-conduits. We also suggest that silicate-melt percolation may explain mineral disequilibrium features observed in mantle xenoliths.
INTRODUCTION
Since Haskin et al. (1966) , orogenic peridotites have been considered to be dominantly LREE-depleted, in contrast to mantle xenoliths (e.g., Frey, 1984) . LREE-enriched peridotites nevertheless exist in some lherzolite bodies such as Finero (Ottonello et al., 1984) , Zabargad (Bonatti et al., 1986) , and the Pyrenean massifs (Bodinier et al, 1988) . The last comprise two principal enriched rock-types:
(1) Wall-rock peridotites adjacent to amphibole pyroxenite veins, with convex-upward chondrite-normalized REE patterns. They bear evidence of modal (= patent) metasomatism (amphibole ± phlogopite) and resemble the 'Fe-rich' peridotites from composite ultramafic xenoliths (Wilshire & Shervais, 1975; Gurney & Harte, 1980; Irving, 1980; Wilshire et al, 1980; Boivin, 1982; Harte, 1983) .
(2) Harzburgites, with U-shaped REE patterns. They are comparable to the 'Mg-rich' spinel peridotite xenoliths affected by cryptic metasomatism, i.e., LREE enrichment in otherwise anhydrous refractory peridotites (Frey & Green, 1974; Stosch & Seek, 1980; Dawson, 1984; Frey, 1984; Kempton et al, 1984; Menzies et al, 1985; Downes & Dupuy, 1987) .
Most interpretations of the metasomatized ultramafic xenoliths have called upon distinct metasomatizing agents or/and distinct P-T conditions to account for the differences between these two types of peridotites; type (1) was generally ascribed to interaction with silicate melt under high-temperature asthenospheric conditions, whereas type (2) was more readily attributed to interaction with H 2 O-or CO 2 -rich fluid under low-temperature lithospheric conditions (e.g., Gurney & Harte, 1980; Stosch & Seek, 1980; Harte, 1983 ). An alternative hypothesis, however, attributes Fe enrichment of type (1) to infiltration of asthenospheric silicate melts into wall-rocks of magma-conduits cross-cutting the mantle lithosphere (e.g., Menzies et al, 1987) , and selective LREE enrichment of type (2) either to incomplete re-equilibration of residual peridotites (LREE-depleted) with pervasively percolating silicate melts which would be strongly REE fractionated because of a chromatographic effect (Navon & Stolper, 1987) , or to addition of fluid or solid inclusions, mainly in olivine (Nielson & Noller, 1987) . A significant implication of the last two models is that the two types of enriched peridotites may be produced during a single metasomatic event, as a result of local to regional variation in magma circulation mechanisms (vein conduits, cracks, pervasive percolation) and/or in degrees of melt evolution resulting either from mineral segregation (Wilshire, 1984) or from buffering by the host peridotite (Richter & McKenzie, 1984) .
The presence of the two types of enriched peridotites in the Pyrenean lherzolite bodies provides a good opportunity to examine the validity of the models proposed for the spinel peridotite xenoliths. Indeed, the large size of the outcrops overcomes the sampling limitations usually encountered in the investigation of xenoliths, and allows observation of relationships among various rock-types, including veins and different types of metasomatized peridotites. In a previous study (Bodinier et al, 1987) , we showed that the amphibole pyroxenite veins which cut the Pyrenean peridotites may be interpreted as magma conduits associated with the uprise of the Pyrenean alkali basalts through the mantle lithosphere, ~ 100 Ma ago. In this study, we describe the chemical variations observed in a 65 cm harzburgite section perpendicular to a vein and propose a model to explain the evolution from type (1) to type (2) metasomatism with increasing distance from the host-vein boundary. A further objective is to examine whether the careful study of chemical fractionation in metasomatized peridotites can provide insights into the mechanisms of magma circulation through the upper mantle.
PETROGRAPHY
The studied samples have been collected in the Lherz massif, along a single section from the border of an amphibole ariegite vein up to a distance of 65 cm into the host peridotite (Fig. 1) . The vein, about 15 cm thick, is predominantly composed of clinopyroxene with, in order of decreasing proportions, amphibole, spinel, orthopyroxene, and scarce phlogopite. Amphibole and phlogopite are preferentially concentrated into a distinct layer within the vein. Spinel (about 10% of the rock) is pale green and occurs both as large interstitial crystals and as euhedral inclusions in clinopyroxene and amphibole.
At a distance of over ~ 20 cm from the vein, the host peridotite is a coarse-textured harzburgite containing small grains of clinopyroxene and relatively large interstitial crystals of brown spinel. Closer to the vein, it is more intensively deformed and displays a porphyroclastic texture; it is also impoverished in clinopyroxene (almost absent) and spinel, and contains interstitial brown amphibole and rare red-brown phlogopite. Furthermore, the wall-rock is cut by amphibole veinlets at ~8 and 20 cm from the contact (Fig. 1) .
MINERAL CHEMISTRY
The mineral phases were analyzed for major and some minor elements with an automated CAMEBAX electron microprobe, at the Museum National d'Histoire Naturelle, Paris.
The amphibole of the vein and that of the veinlets have similar Ti-pargasitic to kaersutitic compositions, except for a slightly higher Cr content in the veinlets (Fig. 2) . The interstitial amphibole of the wall-rock differs by a lower K content, as frequently reported from composite ultramafic xenoliths (e.g., Wilshire et al., 1980; Dautria et al., 1987) and shows a gradual decrease of the Mg/(Mg + EFe) ratio toward the vein, from 0-90 at ~20 cm to 0-87 near the contact. The latter value is similar to that measured in the vein border. Phlogopite disseminated in the 0-20 cm wall-rock differs from that of the vein and veinlets in having lower TiO 2 (5-5±O-5 wt.%, against 7-4±0-6wt.%) and higher Na 2 O abundances (0-85 ±0-12 wt.%, against 0-6±0-O6 wt.%).
The anhydrous minerals of the host harzburgite have nearly constant compositions at distances over ~ 20 cm from the vein (Fig. 3) , whereas they display significant chemical variations within the range 0 to ~ 20 cm (= amphibole-bearing wall-rock). At distances over 20cm, the silicates are characterized by high Mg/(Mg + ZFe) ratios (~0-915, 0-92, and . Triangles = amphibole pyroxenite vein; squares = amphibole veinlets; circles = amphibole-bearing harzburgite. Fields of amphibole pyroxenite veins from Lherz (continuous lines) and amphibole-rich peridotites from Caussou (dashed lirles) after Fabries et al. (1989) .
094 in olivine, orthopyroxene, and clinopyroxene, respectively). In addition, the pyroxenes have low Al and Ti contents (A1 2 O 3 ~3-3 wt.% and TiO 2 <01wt.% in the clinopyroxene), and the spinel is of the chromite-type (Cr 2 O 3~4 2 wt.%). Such mineral compositions are typical of the most refractory harzburgites in the Ariege peridotite bodies (Conquere, 1978; Conquere & Fabries, 1984) . Within the range 0 to ~ 20 cm from the vein, the silicates display a gradual decrease of the Mg/(Mg + EFe) ratios toward the contact (down to 0885 in olivine and 091 in orthopyroxene), with moderate scatter in the vicinity of the amphibole veinlets. In addition, the pyroxenes are enriched in Al and Ti (up With regard to the patterns of decreasing Mg/(Mg + IFe) ratios in silicates, the studied harzburgitic wall-rock (0 to -20 cm) resembles the peridotites from cpmposite ultramafic xenohths. It nevertheless differs from lherzolites adjacent to amphibole selvages, which display patterns of decreasing Al and Ti contents in pyroxenes, and increasing FeCr 2 O 4 component in spinel (Stewart & Boettcher, 1977; Irving, 1980; Wilshire et al., 1980; Dautria et al, 1987; Kempton, 1987) , whereas it is comparable to those which are associated with pyroxemte veins (Wilshire & Jackson, 1975; Wilshire & Shervais, 1975 " Irving, 1980 -Kempton, 1987 . ' WHOLE-ROCK CHEMISTRY As shown in Fig. 1 , the studied section was split in 33 pieces, 1-5 cm thick. After crushing, the samples (100-1000 g in weight) were analyzed for major and trace elements according to the methods described by Bodinier et al. (1988) ; the analyses are given in Table 1 . As in the other harzburgites from Lherz, the rock studied here contains a greater amount of serpentine than the lherzolites [20-30%, instead of 5-15%- Bodinier et al. (1988) ]. However, as in the latter, no correlation was observed between the degree of serpentinization and the chemical variations, even for the mobile elements K and Sr.
Major and transition elements
The composition of the vein border is similar to those reported for bulk amphibole pyroxenite veins of the Lherz massif (Bodinier et al., 1987) , except for higher MgO and lower CaO contents, which reflect the increasing proportion of orthopyroxene near the dyke walls (Conquere, 1971 (Conquere, , 1978 .
The composition of the peridotite varies significantly at a distance of ~20 cm from the vein, which corresponds to the transition from the host, amphibole-free, harzburgite to the amphibole-bearing wall-rock. The transition is especially marked by a variation of iron content, from Fe 2 O 3 ( = total iron) ^8-8 wt.% at a distance over ~20cm to Fe 2 O 3^9 -8 wt.% in the range 0 to ~20 cm.
The amphibole-free host has a nearly constant composition for major and transition elements, except for Cr, which displays irregular variations because of the variable abundances of spinel ( Fig. 4 and Table 1 ). It is characterized by low Al, Ca, Na, Ti, and Sc, and high Mg and Ni contents, which are typical of the most refractory harzburgites in the Ariege peridotite bodies (Fig. 5) .
On the other hand, the amphibole-bearing wall-rock displays variation patterns of increasing Fe, Mn, Ti, Al, Ca, and Na, and decreasing Mg and Ni, toward the vein contact. Some scatter observed for Al, Ca, and Na may result from small-scale variations of the spinel, clinopyroxene, and amphibole proportions. In particular, the presence of a relatively large amount of spinel is responsible for Al and Cr enrichment in sample 9 (Table 1) . Apart from this sample, the amphibole-bearing wall-rock has a lower and less scattered Cr content than the amphibole-free host (Fig. 4) . This results from the decrease of both the Cr content of spinel and the proportion of this mineral in the range 0 to ~20 cm from the vein.
Similar to the lherzolites collected at < 5 cm from amphibole pyroxenite veins (Bodinier et al., 1988) , the harzburgitic wall-rock differs from Eastern Pyrenean peridotites which are unrelated to dykes ('massive' peridotites) in several inter-element ratios (Fig. 5) . In particular, the wall-rocks have lower [Mg][ = Mg/(Mg + EFe)], CaO/Al 2 O 3 , and, to some extent, Na 2 O/Al 2 O 3 ratios than the massive peridotites, whereas they have higher TiO 2 /Al 2 O 3 ratios. Otherwise, they are strongly enriched in Ti relative to Sc and V, with Ti/V in the range 4-32, instead of 3-13 as in the massive peridotites.
K, Sr, and REE K, Sr, and REE concentrations of the vein border are similar to those reported for veins of the Lherz massif [Bodinier et al. (1987) and Fig. 6 for REE].
Otherwise these elements display large variations of concentrations throughout the peridotite section. K and Sr are significantly enriched in the amphibole-bearing wall-rock, relative to the amphibole-free host; however, they are strongly scattered and display no The references of the peridotite samples correspond to the distances from the vein, in centimetres ( Ti0 2 */. regular concentration patterns. As these two elements are preferentially incorporated in amphibole and phlogopite, the scatter may partly result from the heterogeneous distribution of these minerals. The REE display complex variations, and three main types of chondritenormalized patterns may be schematically distinguished with increasing distance from the vein:
(1) At < 15 cm, the amphibole-bearing wall-rock displays rather flat patterns, except for slightly convex-upward shapes in the range La to Tb (Fig. 6 ). These patterns resemble those of the amphibole pyroxenite veins and associated lherzolitic wall-rocks in the Eastern Bodinier et al. (1988) ]. The fields of the 'unmetasomatized' massive peridotites from Eastern Pyrenees (Bodinier et al., 1988; unpub. data) are shown for comparison.
Pyrenees (Bodinier et al., 1987 (Bodinier et al., , 1988 ; however, the different rock-types differ markedly in their bulk REE contents, from 5-30 xc.a. (chondrite abundances) in the pyroxenites to 02-09 x c.a. in the harzburgite wall-rock. Local variations of the clinopyroxene and amphibole proportions may account for at least part of the bulk REE variations within this zone.
(2) In the range 15-25 cm, the samples have U-shaped patterns, reflecting their strong depletion in middle REE (Nd to Tb) and, to some extent, in HREE (Fig. 7A ). These patterns
Chondrite-normalized REE abundances of the vein border and the host harzburgite, at < 15 cm from the contact. Shaded area = field of the amphibole pyroxenite veins from Lherz containing 20-80% amphibole (Bodinier et al., 1987) ; dashed lines = representative REE patterns of lherzolites collected at <5cm from amphibole pyroxenite veins, in the Lherz and Freychinede massifs (Bodinier et al., 1988) . The sample references correspond to the distances, in centimetres. Normalizing values after Nakamura (1974) .
are very similar to those of the Pyrenean harzburgites which are unrelated to amphibole pyroxenite veins (Bodinier et al, 1988; unpub. data) .
(3) At >25 cm, the amphibole-free host is characterized by strongly fractionated REE patterns ( Fig. 7B) , with (Ce/Yb) N ratio in the range 5-16, instead of the range 1-5 which occurs closer to the vein (Fig. 8) . Otherwise, the bulk REE concentrations tend to increase as a function of the distance from the vein; however, in detail:
(a) the LREE (La to Nd) steeply increase in the range 25-40 cm, whereas they are nearly constant further away from the vein; (b) the middle REE (Sm to Tb) increase almost regularly throughout the range 25-65 cm; (c) the HREE (Yb, Lu) are nearly constant in the range 25-50 cm, whereas they increase in the furthest sample, at 65 cm from the vein. REE fractionation throughout the peridotite section may be illustrated by the changes in the ratios of light and middle REE to heavy REE, which clearly differentiate the amphibolebearing wall-rock and the amphibole-free host (Fig. 8) .
The various REE patterns observed in the peridotite section encompass almost the whole range reported in the literature for 'enriched' peridotite inclusions in alkali basalts. The amphibole-bearing wall-rock is more specifically comparable to the 'Fe-rich' peridotites from composite ultramafic xenoliths (Wilshire & Shervais, 1975; Gurney & Harte, 1980; Irving, 1980; Wilshire et al, 1980; Boivin, 1982; Harte, 1983) , whereas the amphibole-free host is very similar to the LREE-enriched, 'Mg-rich', spinel peridotite xenoliths (Frey & Green, 1974; Frey & Prinz, 1978; Stosch & Seek, 1980; Dawson, 1984 Dawson, , 1987 Menzies et al, 1985; Kempton, 1987; Downes & Dupuy, 1987) . (Stosch & Seek, 1980) . Normalizing values after Nakamura (1974) .
INTERPRETATION

Modal and cryptic metasomatisms: a single event?
The strong textural, mineralogical, and chemical zoning of the studied harzburgite section is very similar to that proposed by Menzies et al. (1987;  fig. 9B ) for a typical lithospheric wallrock affected by silicate melt metasomatism (= 'Fe-Ti metasomatism', as opposed to the 'K metasomatism' which is ascribed to interaction with hydrous fluids). Similar to this theoretical section, inferred from studies of ultramafic xenoliths, the section studied here comprises two zones with contrasted styles of metasomatism:
(1) At less than ~20 cm from the vein, the sheared, amphibole-bearing and Fe-rich wallrock shows unequivocal evidence of modal metasomatism, a process which is probably a result of infiltration of alkali basalt from the vein-conduit (Bodinier et al, 1987 (Bodinier et al, , 1988 . The presence of thin amphibole veinlets broadly parallel to the vein contact ( Fig. 1) is further evidence of magma circulation in the host. Interaction between the alkali basalt and the peridotite was responsible for the precipitation of Ti-pargasite (±Ti-phlogopite) at the expense of anhydrous phases (mainly clinopyroxene and spinel), and also for significant chemical modifications of the minerals, leading to important Fe, Ti, and Al enrichments in the peridotite. These features, as well as the relatively unfractionated, convex-upward, REE patterns ( Fig. 6) are typical of the Pyrenean lherzolites adjacent to amphibole pyroxenite veins (Bodinier et al., 1988) . The only significant difference is that the harzburgite has a thicker modally metasomatized wall-rock than the lherzolites (~20 cm instead of <5 cm).
(2) At >20cm into the host, the granular, amphibole-free, and Mg-rich harzburgite is indistinguishable from those which are unrelated to amphibole pyroxenite veins (Bodinier et al., 1988) , except for a much more significant enrichment of LREE relative to HREE (Fig. 7) . Such LREE enrichments in amphibole and mica-free peridotites are frequent in mantle xenoliths and have been referred to as cryptic metasomatism (Dawson, 1984 (Dawson, , 1987 .
Although the modal metasomatism of the <20 cm wall-rock is obviously associated with the emplacement of the vein, which probably occurred during the middle Cretaceous (~ 100 Ma) Pyrenean alkali magmatism (Bodinier et al., 1987) , one may wonder whether there is a causal link between the cryptic metasomatism of the host and this event. In the absence of isotope data, the most convincing argument for such a link is probably that strong LREE enrichment of the amphibole-free host (Ce N /Yb N in the range 1-15) has never been observed in the harzburgites collected at distances over several metres from the veins (maximum Ce N /Yb N value = 1-2- Bodinier et al, 1988; unpub. data) . Moreover, the hypothesis that the cryptic metasomatism records an older event would imply that the modal metasomatism had the surprising effect of decreasing the LREE content of the peridotite (Ce N = 0-2-0-8 in the wall-rock, vs 0-6-1-2 at >25cm into the host) while increasing the concentration of the other incompatible elements (K, Sr, Ti, and the middle and heavy REE). On the other hand, the hypothesis that metasomatism is more recent in the host than in the wall-rock is inconsistent with geological, structural, and geochronological evidence which suggests that the veins were emplaced in the Pyrenean lherzolite bodies during the late stage of their mantle evolution, shortly before their uprise to crustal levels (Bodinier et al., 1987 (Bodinier et al., , 1988 , and references herein).
Hence, although this point needs to be further established by isotopic data (study in progress), we suggest that the cryptic metasomatism is broadly coeval with the modal metasomatism. It records infiltration of the ~ 100 Ma alkali basalts, or derivatives, at distances exceeding several tens of centimetres from the magma-conduit. Such a genetic link between cryptic and modal metasomatism was recently investigated for mantle xenoliths by Nielson & Noller (1987) .
Cryptic metasomatism: CO 2 vs buffered silicate melt
The mineral and chemical variations associated with the transition from modal to cryptic metasomatism suggest that the magma evolved significantly while infiltrating into the peridotite. Menzies et al. (1985) and Wilshire et al. (1985) have proposed that cryptic metasomatic fronts extending beyond magmatic veins might be caused by infiltration of CO 2 -rich fluids individualized from silicate melts crystallizing into the conduits; this mechanism is consistent with the pure CO 2 composition of fluid inclusions in the vein minerals (Vetil et al., 1988) . On the other hand, the amphibolitization of the <20cm wallrock may also contribute to the evolution of a CO 2 -rich fluid phase (see Wyllie, 1978 Wyllie, , 1979 Eggler, 1978a, 19786) . Considering the experimental evidence that the REE are highly soluble in CO 2 [K{^/ me ">l in mantle conditions; Eggler (1987) and references therein] whereas the other elements are strongly incompatible (K j$°2
/rac " <^ 1), this model may explain the discrepancy between REE enrichment, observed in the amphibole-free host, and major element, K, Sr, and Ti enrichments, strictly limited to the modally metasomatized wall-rock.
However, Menzies et al. (1987) have argued that the stabilization of CO 2 by carbonates at low temperature (Olafsson & Eggler, 1983) suggests that the existence of a free CO 2 phase would be unlikely in the subcontinental lithosphere. In practice, this may not be true at a local scale (Eggler, 1987) , especially in the vicinity of dyke intrusions where heat transported from the underlying asthenosphere by magma advection would be lost into the conduit walls (Spence & Turcotte, 1983; Spera, 1987) and so raise the host temperature beyond the limit of carbonate stability. The P-T conditions estimated for the Lherz peridotites during the emplacement of the veins [P= 10-15 kb; r=900-1000°C; Vetil et al. (1988) ] provide no conclusive argument for or against the CO 2 model, as they lie broadly on the limit between the stability field of carbonate-bearing spinel peridotites and that of spinel peridotites coexisting with a free CO 2 -phase (Olafsson & Eggler, 1983; Eggler, 1987) .
The application of the CO 2 model to the studied sample is nevertheless questionable, owing to the following objections:
(1) Contrary to the LREE, the HREE, and to some extent the middle REE (Tb), are significantly impoverished in the amphibole-free host (Yb N = 005-0-16) relative to the modally metasomatized wall-rock (Yb N =0-18-062). Thus they behave in the same manner as Ti (Fig. 4) , in contradiction to experimental evidence which shows that both the light and heavy REE are compatible in CO 2 equilibrated with silicate melt, whereas Ti is strongly incompatible (Holloway, 1971; Wendlandt & Harrison, 1979; Mysen, 1983; Eggler, 1987) .
(2) The hypothesis that LREE were transported by CO 2 provides no explanation for the fact that cryptic metasomatism is observed only in the harzburgites and in the refractory, oli vine-rich, lherzolites (Bodinier et al, 1988) . It should be noted that some of the latter as well as the sample studied here, at > 25 cm from the vein, have not only higher LREE/HREE ratios than the more fertile lherzolites, but also higher LREE abundances (La N <0-7 in the lherzolites, whereas several harzburgites have La N > 1). This feature is not exclusive to the Pyrenean peridotites. Broad correlations between LREE enrichment and depletion in basaltic constituents have been noted in several suites of garnet and spinel peridotite xenoliths (e.g., Ridley & Dawson, 1975; Shimizu, 1975; Mitchell & Carswell, 1976; Ehrenberg, 1982; Downes, 1987; Downes & Dupuy, 1987; Nielson & Noller, 1987; Song & Frey, 1989) and in ophiolitic peridotites (Prinzhofer & Allegre, 1985) .
On the other hand, the hypothesis that LREE were transported by a silicate melt may account for this observation. Indeed, Toramaru & Fujii (1986) have reported experimental evidence that connectivity of a melt phase through grain-edges may be favored in olivinerich peridotites relative to adjacent olivine-poor peridotites and pyroxenites. Bodinier et al. (1988) made use of this argument to ascribe the cryptic metasomatism of the Pyrenean peridotites to pervasive infiltration of the alkali basalts into the most refractory peridotites. This suggestion is consistent with the model of magma percolation developed by Navon & Stolper (1987) , which shows that the selective LREE enrichment of mantle rocks may result from a chromatographic fractionation of the melt phase. In this respect, it is worthy of note that the fractionated increase of REE concentrations observed in the range 15-65 cm from the vein (Fig. 7A, B) is remarkably similar to that predicted by Navon & Stolper (1987, fig. 4 ) for increasing re-equilibration of a peridotite matrix.
Silicate-melt metasomatism
The model of silicate-melt metasomatism involves the evolution of a magma buffered by an amphibole peridotite mineralogy, probably as a result of interaction between the infiltrated alkali basalt and the peridotite matrix in the modally metasomatized wall-rocks. This hypothesis is consistent with the suggestion by Bodinier et al. (1988) that chemical enrichment of the modally metasomatized wall-rocks does not result from magma trapping, but mainly from partial to complete re-equilibration of the peridotite minerals with a fugitive melt, and to a lesser extent from amphibole crystallization. Figure 9 illustrates the possible mechanism of silicate-melt metasomatism associated with the emplacement of the amphibole pyroxenite veins in the Pyrenean lherzolite bodies.
In the modally metasomatized wall-rocks, the reactivity of the melt towards the anhydrous peridotite mineralogy is evidence of a poorly evolved composition. This character may be the result of several chemical fluxes from the vein-conduit:
(1) an advective flux through small cracks (amphibole veinlets) branching from the veinconduit (see, e.g., Wilshire et al., 1980 , plate 2), (2) an advective flux through grain edges (short-range porous flow percolation at < 1 m), (3) a diffusive flux of cation exchange between the infiltrated melt and the vein magmaor possibly the magmatic minerals platted onto the conduit walls (Bodinier et al., 1988) . The nearly constant width of the chemical gradients adjacent to the vein (Figs. 3 and 4 ) may suggest that diffusion was the principal mechanism controlling the melt composition in the 0-20 cm wall-rock, as the diffusion coefficients are likely to be of the same order of magnitude for the different elements in high-temperature silicate melts (Winchell, 1969; Winchell & Norman, 1969; Hofmann & Magaritz, 1977; Jambon & Carron, 1978) . In a different way, the chromatographic effect inherent to the percolation mechanism would result in a spatial fractionation of the elements, depending on their matrix/melt partition coefficients (Richter & McKenzie, 1984) , whereas advection through cracks, if dominant, would prevent the evolution of regular chemical patterns. However, both diffusive and short-range advective chemical exchange with conduits are consistent with the lack of chromatographic fractionation associated with REE enrichment in this zone. Further into the host, buffering of the major elements and H 2 O may account for the lack of mineralogical interactions in the cryptic metasomatic zone. H 2 O buffering may also reinforce the contrasted behaviours of lherzolites and harzburgites with regard to magma percolation as the control of silicate melt connectivity by olivine-pyroxene proportions (Toramaru & Fujii, 1986 ) is likely to increase with decreasing H 2 O content in the melt ). An important feature of this model is that the LREE may escape the buffering effect, because of their strongly incompatible character, whereas K and Ti would be buffered by the hydrous minerals. As chemical exchange with the vein-conduits is probably negligible, the REE patterns would be essentially controlled by the chromatographic fractionation associated with long-range percolation processes (Navon & Stolper, 1987) .
In the following section, we propose a model of silicate-melt metasomatism involving the dominant influence of diffusion in the liquid phase for the peridotites immediately adjacent to magma conduits and porous-flow percolation for those located further into the host.
MODELLING
General approach
Movement of trace elements associated with magma infiltration through mantle rocks results from three main mechanisms:
(1) advection in the liquid phase, whereby the elements are carried along by the movement of the magma, (2) diffusion and kinematic dispersion within the liquid phase, and (3) diffusion within the solid matrix considered to be immobile. The physics of these transport phenomena is comparable with that which rules migration of dissolved substances in groundwater flows (de Marsily, 1986) . Much of the theory developed in the latter context may be adapted to our problem. At the macroscopic scale which is of interest to us, let us consider a representative elementary volume (REV) composed of many crystal grains and many pores filled with melt. We can define average properties of the medium, such as porosity (<D; melt fraction by volume), proportions of the mineral phases (X,-; i = \, . . . , m, with m being the number of mineral phases) and concentrations of trace elements in the liquid (C L ) and in the solid phases (C,). According to the principle of mass balance, the rate of mass variation for a given element is equal to the divergence of the advective, diffusive, and dispersive fluxes. In fact, as we consider average distribution of the elements at a macroscopic scale (REV), chemical exchange between the elementary volume and its surroundings is controlled only by transport phenomena involving the liquid phase.
The advective flux is given by
where u is the mean flow velocity of the melt relative to the matrix, u is assumed to be divergence-free; it is related to the Darcy velocity (K D ) by
The diffusive flux is given by Fick's law:
where D L is the diffusion coefficient in the liquid. The dispersive flux arises from the microscopic heterogeneity of the medium; it can be accounted for by a law similar to Fick's law:
where D' is a tensor related to the magnitude and the direction of the filtration velocity. Hence we may write
at
i-i ot
This equation must be completed by a set of equations describing trace-element exchange between melt and the m solid phases within the REV. As shown in Appendix A, this process may be approached by the equation
where X, is the partition coefficient of trace elements between the ith mineral and melt, and T, is a time constant which is proportional to af/D h with D, being the diffusion coefficient in the ith mineral and a i the average radius of the crystal grains considered to be spherical. The proportionality factor is in the range 10-20. The significance of equation (5) is that the average concentration of trace elements in the ith solid phase tends to the equilibrium value K t C L with a time constant T ( . The approximation inherent to this equation is very reasonable when compared with the large uncertainties on K t and D, coefficients [see, e.g., reviews of experimental data by Frey et al. (1978) for K,, and by Freer (1981) 
The set of equations (4) and (5) has been used in two distinct models, with relevant initial and boundary conditions:
(1) diffusion-controlled metasomatism, where the advective flux is neglected. The melt phase composition is controlled only by diffusional exchange with a magma conduit;
(2) percolation-controlled metasomatism, where the effect of chemical diffusion in the liquid is considered to be negligible. The melt composition is controlled by the advection process and diffusional re-equilibration of the solid phases.
Diffusion-controlled metasomatism
This model is relevant to the 'Fe-rich', modally metasomatized peridotites adjacent to the veins (< 20-25 cm in the studied sample), wherein the composition of the infiltrated melt may have been predominantly controlled by diffusion. As diffusion in melt is 4-12 orders of magnitude faster than diffusion through solid silicates (e.g., Bedard, 1989) , the influence of mineral re-equilibration upon melt composition is considered to be negligible. Thus equation (4) may be written as where x is the distance traversed by the diffusive flux perpendicular to the vein-host boundary. In Appendix B the solution of the set of equations (5) and (6) is given with the assumed initial and boundary conditions.
Calculations have been performed for REE, with the aim of reproducing the distribution observed in the studied sample. As shown in Fig. 10 , the diffusion model may account for the patterns of increasing HREE concentrations towards the vein border. This figure also illustrates the influence of the parameters t (total time of diffusion), D s (= D,, considered to be constant in the different minerals), and D L upon the shape of the Yb gradient. Compared with the time and the chemical diffusion coefficients, the other parameters are more constrained and/or have a lesser influence on the calculated REE composition. For a given t value, the re-equilibration degree of the peridotite matrix, i.e., the increase of Yb concentration, is mainly dependent upon D s at less than ~5 cm from the magma conduit, whereas it is essentially dependent upon D L at distances exceeding ~5 cm. On the other hand, the time of diffusion (t) has a considerable influence on the re-equilibration degree of the peridotite at any distance from the conduit. For D s and D L values consistent with experimental data, the duration of the diffusion process is the range 10-10000 y. Hofmann & Magaritz, 1977; Jambon & Carron, 1978; Freer, 1981; Sneeringer et al., 1984; Henderson et a/., 1985) . Anhydrous modal composition of the peridotite matrix (A",): olivine = 0-78, orthopyroxene = 0-2, and clinopyroxene = 0K)2; initial REE content ( x 10" 9 cm 2 /s).
As shown in Fig. 11 A, diffusion-controlled metasomatism also accounts for the relatively flat chondrite-normalized REE patterns of the <25 cm wall-rock. In our model, the grainsize heterogeneity of the peridotite matrix is responsible for the upward convexity of the patterns in the range La-Tb, at low degrees of re-equilibration. This results from the rapid re-equilibration of the small clinopyroxene grains, compared with the larger olivine and orthopyroxene grains. In addition, it is shown in Fig. 11B that minor variations of the clinopyroxene fraction and/or the presence of amphibole may account for significant variations in the REE distribution. In particular, a variable proportion of amphibole may explain the LREE scatter in the range 0-15 cm from the vein (Fig. 4) , whereas a very low fraction of clinopyroxene (virtually absent) may account for the predominantly V-shaped patterns in the range 15-25 cm (Fig. 7A) .
Percolation-controlled metasomatism
There is no means by which diffusion-controlled metasomatism can account for the strongly fractionated REE patterns observed at a distance over ~25 cm from the vein-host boundary (Fig. 7B) . Hence we have developed a model of percolation-controlled metasomatism relevant to the situations where diffusional exchange between the percolating melt and magma conduits is negligible. Similar to the model developed by Navon & Stolper Fig. 10 . The dotted lines represent the typical range of REE patterns in the studied wall-rock peridotite, at < 20 cm from the vein. In B, the results are shown for variable proportions of clinopyroxene in the peridotites (in %) and a distance from the vein fixed at 11 cm. The dashed line represents the calculated composition of a modally metasomatized peridotite with clinopyroxene totally replaced by amphibole (3%). The composition of the latter was fixed from equilibrium with the melt phase at 11 cm from the vein, whereas the composition of the anhydrous minerals (olivine, orthopyroxene) were calculated from the diffusion model. The amphibole-liquid partition coefficients were evaluated from the amphibole-clinopyroxene partition coefficients measured in the amphibole pyroxenite veins from Lherz and Freychinede (Bodinier et a\^ 1987) . (1987) , this model considers a one-dimensional system parallel to the mean porous flow direction and neglects the 'chemical dispersive effect' associated with diffusion in the melt phase. Therefore, equation (4) may be written as where z is the distance traversed by the magma flow and with p s being the average density of the solid and p L that of the liquid. In Appendix C the solution of the set of equations (5) and (7) is given, with the assumed initial and boundary conditions. As for the model of diffusion-controlled metasomatism, calculations have been performed for REE, with the aim of reproducing the distribution observed in the studied peridotite section. Figure 12A illustrates the evolution of the Ce N /Yb N ratio in a harzburgite section perpendicular to a vein-conduit discharging alkali basalt in the host. It should be noted that the horizontal scale does not refer to the actual distance to the vein (x) but to the distance of percolation (z), which is related to the critical time of percolation (t c ; i.e., the time it takes for the melt to pass throughout the distance of percolation) by z = t c u. As the flow lines' geometry is beyond the scope of this paper, we simply assume that z is significantly greater than the actual distance to the vein. Each curve depicts the composition of the host peridotite after a given time of percolation (t) measured from the first discharge of melt in the section considered. This figure shows that percolation-controlled metasomatism may be responsible for anomalously high Ce N /YbN ratios in peridotites located between the unmetasomatized host and the fully re-equilibrated peridotites immediately adjacent to the vein-conduit. As shown by Navon & Stolper (1987) , this anomaly results from a chromatographic fractionation of REE during progressive re-equilibration of the peridotite matrix with the percolating melt (Fig. 12B) .
For t, D s , <D, and a, values consistent with mantle conditions, no Ce N /Yb N anomaly is observed for distances of percolation less than z~100u (i.e., z = 5 m in Fig. 12A ). For melt velocities in the range 1-30 cm/y (Navon & Stolper, 1987; Bedard, 1989 , and references therein), the critical distance is 1-30 m. As REE fractionation is possibly 'smoothed' by chemical diffusion in melt at low velocities of the fluid phase (Navon & Stolper, 1987) , the 30 m value is probably the more realistic. The distance z of the CCH/YON anomaly is mainly a function of t, u, and O, and its amplitude is under the control of t, D s , and a,, at given values of the solid-liquid partition coefficients (K,) and vein-magma composition (C[).
The influence of a, is of peculiar interest, as grain-size variations by up to a factor of 10 are frequent in mantle rocks, because of spatial heterogeneity of deformation, and it was shown by Downes & Dupuy (1987) and Downes (1987) that the more ultramafic xenoliths are deformed, the more they are LREE-enriched. Our results indicate that the CCN/YON ratio of Moreover, our model shows that for a given average grain-size of the rock, the intensity of the CeN/YbN anomaly is strongly dependent upon the size of the clinopyroxene grains, in spite of the low proportion of this mineral (2% in the calculated model). This is because of preferential incorporation of REE in clinopyroxene, relative to olivine and orthopyroxene. As the harzburgites commonly have very small clinopyroxene grains, compared with the lherzolites, this may partly explain why the former are commonly more LREE enriched than the latter (Ridley & Dawson, 1975; Shimizu, 1975; Mitchell & Carswell, 1976; Ehrenberg, 1982; Frey, 1984; Prinzhofer & Allegre, 1985; Downes & Dupuy, 1987; Bodinier et al, 1988; Song & Frey, 1989) . This effect might be superimposed on the 'pyroxene effect' of Toramaru & Fujii (1986) whereby silicate-melt percolation is favored in pyroxene-poor peridotites relative to pyroxene-rich peridotites and pyroxenites.
The model of percolation-controlled metasomatism fits reasonably well the strongly fractionated REE patterns observed at >25cm from the vein (Fig. 13 ). For D s = 10~1 4 -10~1 3 cm 2 /s and u=l-30cm/y, z is jn the range 5-1000m and t in the range 500-10000 y. As expected, the distance of percolation much exceeds the length of the section studied, but it is of the same order of magnitude as the size of the harzburgite bodies in the Lherz massif (Conquere, 1978) . Variations in the REE abundances and in the shape of the chondrite-normalized patterns, as observed in the range 25-65 cm, may reflect a local variation of the t/t c ratio (Fig. 13A) , which may itself result from a variation of the distance of percolation (z) or, more likely, from the total quantity of melt which passed through the sample considered. In addition, local variations of the clinopyroxene fraction may also account for significant variations of REE abundances (Fig. 13B) . Figure 14 shows the effect of variation in the clinopyroxene grain-size-at nearly constant average grain-size in the whole rock-upon REE distributions in individual minerals. It should be noted that the clinopyroxene grain-size has a strong effect on the chemical evolution of the percolating melt, so that the results calculated with different clinopyroxene grain-sizes differ not only in the clinopyroxene composition but also in olivine and orthopyroxene compositions. An important feature is that the difference between clinopyroxene and orthopyroxene (or olivine) REE patterns increases markedly with increasing grain-size heterogeneity: for degrees of re-equilibration of the peridotite matrix in the range of the CCN/YDN anomaly ( Fig. 12A and B) , the smaller the clinopyroxene grains, the more they are enriched in LREE relative to HREE, and the more olivine and orthopyroxene are depleted in middle REE relative to light and heavy REE.
Consequences for mineral disequilibrium
Therefore, percolation-controlled metasomatism may explain the discrepancy between clinopyroxene-orthopyroxene (or olivine) REE partition coefficients measured on separated minerals from mantle xenoliths (e.g., Ottonello, 1980; Stosch, 1982) and those inferred from experimental data or phenocryst-matrix studies (e.g., Frey et al., 1978) . Figure 15A shows that the xenoliths yield clinopyroxene-orthopyroxene partition coefficients of LREE significantly higher and more scattered than the experimental and phenocryst data. As illustrated in Fig. 15B , the anomalously high values of mantle xenoliths may be interpreted as disequilibrium REE partitioning associated with percolation of an LREE-enriched fluid in a peridotite matrix with relatively small clinopyroxene grains, compared with the orthopyroxenes (for D, considered to be constant in pyroxene). At low degrees of re- equilibration (t/t c <\; whole rock characterized by V-shaped REE patterns), clinopyroxene-orthopyroxene disequilibrium affects only the light REE and yields the typical CPX/OPX REE patterns observed in the spinel peridotite xenoliths studied by Ottonello (1980) and Stosch (1982) . For higher degrees of re-equilibration (t/t c > 1; whole rock characterized by strongly fractionated patterns), disequilibrium also affects the middle REE and yields typically convex-upwards CPX/OPX patterns. The persistence of mineral disequilibrium in spinel peridotite xenoliths is further evidence that at least part of their LREE enrichment occurred a short time before the eruption (< 0-1 b.y.), as suggested by isotopic studies (e.g., Menzies & Hawkesworth, 1987) . SUMMARY This study suggests that modal and cryptic metasomatism identified in the Eastern Pyrenean peridotite bodies (Bodinier et al, 1988; Fabries et al, 1989) resulted from the same igneous event, i.e., the migration of the Cretaceous Pyrenean alkali basalts through the subcontinental lithosphere, ~ 100 Ma ago. Several lines of evidence indicate that both processes are related to infiltration of the alkali basalts from vein-conduits into the host refractory peridotites and that the transition from one to the other, as observed in the studied harzburgite section, records strong chemical evolution of the percolating melt with increasing distance from conduits. At < 15-20 cm, the melt was probably poorly evolved, as a result of chemical exchange with conduits through diffusive and short-range advective fluxes. This may explain its reactivity towards the anhydrous peridotite mineralogy (modal metasomatism) and the existence of chemical gradients for several elements, including Fe and Ti. Further into the host, chemical exchange with conduits would have been negligible. Hence, the melt was probably buffered by the amphibole peridotite mineralogy, except for the most incompatible trace elements, and strongly enriched in LREE relative to HREE (cryptic metasomatism), as a result of chromatographic fractionation during long-range porous-flow percolation. Quantitative modelling of diffusion-and percolation-controlled metasomatisms, taking into account mineralogical and grain-size heterogeneity of the peridotite matrix, confirms that silicate-melt infiltration may explain the range of REE abundances in the studied section, from relatively flat chondrite-normalized patterns at < 15-20 cm from the vein to LREE-enriched further into the host.
From our quantitative modelling, we also suggest that the minerals of the spinel peridotite xenoliths record disequilibrium partitioning of REE which may be explained by a recent, percolation-controlled, metasomatism.
Although pervasive percolation is probably not an efficient mechanism of magma ascent throughout the mantle lithosphere (Spera, 1987) , it would nevertheless account for LREE enrichment in large volumes of mantle rocks. The example of the metasomatized Pyrenean peridotites shows that a significant amount of alkali basalt may be lost by fracture conduits and infiltrated into the host through porous-flow percolation. This mechanism might be favoured by the olivine-rich composition of the most refractory peridotites (Toramaru & Fujii, 1986) , a relatively high temperature in wall-rocks (Watson, 1982; Stevenson, 1986) , and a relatively high H 2 O content in the alkali basalts . with 3t being the real part of the function. Depending on the value of the argument, the function w was calculated either by using a polynomial approximation [Gautschi (1965) , table 7.9 footnote] or by means of infinite series approximation [Gautschi (1965) , equation (7.1.29)].
APPENDIX C: RESOLUTION OF THE SET OF EQUATIONS (5) AND (7) FOR THE MODEL OF PERCOLATION-CONTROLLED METASOMATISM
The resolution of the set of equations (5) and (7) 
A={Cl-Cl)cxJ-Ot t £ ^i).
The inverse transform of the equations (Cl) and (C2) may be approximated by numerical methods relevant to our problem, such as the Gaver-Stehfest method (Davies & Martin, 1979) . Otherwise, the convolution theorem may be used to obtain a semi-analytical form. Because of the presence of the term [exp ( -i c p)]/p in both equations, C L and C, are different from the initial conditions only for t ( = total time of percolation) >t J .. Thus, the origin of time was translated at the value t = t c and the time was expressed in 't c units'.
For m=\, the solution may be written 
I o and /, have been numerically evaluated by using polynomial approximations [Olver (1965) , equations (9.8.1H9-8.4)], and the integrals have been calculated by means of the 24-point Gauss quadrature formula. The accuracy of the numerical approach was checked by comparing results obtained by this method with those obtained by already published techniques (e.g., Navon & Stolper, 1987, form =1) .
